Minimally invasive imaging of upper airway obstructions in children and adults is needed to improve clinical decision-making. Toward this goal, we demonstrate an anatomical optical coherence tomography (aOCT) system delivered via a small-bore, flexible endoscope to quantify the upper airway lumen geometry. Helical scans were obtained from a proximally-scanned fiber-optic catheter of 820 μm outer diameter and >2 mm focal length. Coupled with a long coherence length wavelength-swept light source, the system exhibited an SNR roll-off of < 10 dB over a 10 mm range. Operating at 10 rotations/s, the average accuracy of segmented crosssectional areas was found to be −1.4 ± 1.0%. To demonstrate the capability of this system, aOCT was performed on a pediatric airway phantom and on ex vivo swine trachea. The ability for quantitative endoscopy afforded by this system can aid in diagnosis, medical and surgical decision making, and predictive modeling of upper airway obstructive disorders. 
Introduction
Airway obstruction is an extraordinarily common problem with a far-ranging health and economic impact, including co-morbidites such as hypertension and heart disease [1] . In particular, pediatric upper airway obstructive disorders can lead to life-threatening respiratory difficulties, poor growth, aspiration, delay in speech development, and long term morbidity [2] . In such airway abnormalities, bronchoscopy/laryngoscopy is the gold standard for aiding in diagnosis and treatment. However, endoscopy is only semi-quantitative. Truly quantitative methods of imaging the geometry of the upper airway can potentially lead to improved methodology for determining the optimal management of upper airway disorders. Importantly, quantitative measurements of the airway lumen enable the construction of virtual computational airway models of airflow and respiratory function and can potentially predict outcomes of medical or surgical intervention [3] . Currently, computed tomography (CT) and magnetic resonance imaging (MRI) have been used to provide quantitative upper airway anatomy [4, 5] . However, there are health risks associated with the need for sedation to obtain scans in children (which may be hazardous in children with airway obstruction), and with exposure to ionizing radiation in CT. Also, both imaging modalities are limited by respiratory motion artifacts and long imaging times during which the patient, particularly an infant or child, may require sedation. In addition, these modalities cannot be performed during surgery, during which real-time feedback would be beneficial.
Optical coherence ranging techniques, such as optical coherence tomography (OCT), are an attractive alternative as they are well-suited for providing non-invasive, microscopic resolution imaging of light scattering structures [6] . OCT is typically used for analyzing internal tissue structures within the ~2-3 mm depth range. In order to access the larger depth ranges needed for upper airway lumen imaging, anatomical OCT (aOCT) was originally developed by adapting time-domain OCT hardware for considerably longer optical delays [7] . The use of retrospective respiratory gating provided the ability to capture respiratory dynamics with minimal blurring [8] . This led to widespread research applications in human respiratory imaging of both lower [9] and upper airways [10] , showing the potential of aOCT to aid in the diagnosis and elucidate mechanisms of obstructive sleep apnea (OSA) [11] as well as asthma, chronic obstructive pulmonary disease (COPD), bronchiectasis, and tracheal stenosis [12] [13] [14] . An alternate low-coherence ranging method based on full-field interferometry was demonstrated on ex vivo pig bronchi [15] . While these studies established the potential of aOCT to inform a broad spectrum of obstructive airway diseases, the timedomain nature of these aOCT systems offered limited scanning speed, reducing the ability to track the respiratory cycle [16] or to perform imaging during a short (<2 min) endoscopic procedure.
The subsequent development of spectral-domain OCT has provided higher imaging speeds and sensitivity over those accessible by time-domain OCT [17] . In particular, swept source OCT (SSOCT) is a type of spectral-domain OCT in which a wavelength-swept light source is used and the axial reflectivity profile is obtained from Fourier transformation of the detected signal. Recently, swept-source anatomical OCT (SSaOCT) has been employed for upper airway luminal imaging, demonstrating that the cross-sectional image obtained from SSaOCT is correlated with that of CT [18] . The high speed and sensitivity of SSOCT systems have also shown utility in other respiratory imaging applications including imaging microstructural changes associated with airway injury from smoke inhalation [19] , and for capturing the vibration of the vocal cords [20] .
For airway OCT there is a need for compact and high scanning speed endoscopic imaging probes. While the technology for the OCT probes is commercially available for cardiovascular applications [21] , the development of aOCT probes for airway luminal imaging is in the early stages due to the challenges of obtaining longer (>12 mm) axial imaging range while keeping a sufficient signal-to-noise ratio (SNR). Typically an SNR of ~80dB is needed to provide high-quality reflectance images of the airway lumen. Toward this end, a 1.2 mm diameter GRIN-based fiber-optic catheter was recently described in which it was inserted into a 1.8 mm outer diameter tube deployed via the nares into the airway [18] . However, even smaller diameters are required for the delivery of the SSaOCT catheter via currently existing endoscopes, which provide a familiar and widely utilized platform for clinicians with concomitant video imaging capabilities.
Here, we describe an aOCT system that employs a specially-designed swept light source (Santec, Japan) with a coherence length of 17.5 mm. The system also employs a custom fiberoptic catheter capable of long (>10 mm) imaging range. The catheter design is based upon an angle-polished ball lens that is packaged within a protective sheath of 820 μm outer diameter. This catheter is easily accommodated into the 1.2 mm channel of currently commercially available flexible pediatric endoscopes while providing long-range anatomic imaging. Using this instrument we demonstrate accurate luminal 3D image reconstructions of human airway phantoms and an ex vivo swine trachea.
Methods

aOCT system hardware
Quantitative pediatric endoscopy poses the particular challenge of a long imaging radius (>12 mm) in combination with a sufficiently small catheter (0.82 mm outer diameter) to fit the side channel of the smallest commercially available flexible endoscope used in infants (1.2 mm). Here we describe an endoscopically-delivered SSaOCT system which meets these criteria; to our knowledge, this combination of features has not yet been reported.
The aOCT system consists of a wavelength-swept light source (HSL-2100-LC Santec, Inc.) centered at a wavelength of 1305 nm with a sweep rate (A-line rate) of 5 kHz, a sweep range of 30 nm, and, importantly, a coherence length of ~17.5 mm (1/e length) as measured experimentally. The light source has a power of 20 mW delivered into a single-mode fiber, which is directed into a Mach-Zehnder fiber interferometer to perform aOCT as depicted in Fig. 1 . Fig. 1 . Anatomical OCT system diagram. The collimator and retro reflector act as the reference arm while the sample arm consists of a fiber optic catheter probe that has been inserted into the side port of the endoscope. The ball lens tip of the fiber optic catheter is inside a protective plastic sheath with an outer diameter of 820 μm, which is inserted into a laryngoscope (see photograph) for pediatric airway imaging. The ball lens tip of the fiber optic catheter provides a sideways-directed beam that rotates during pullback translations, resulting in a helical scan pattern.
The source beam is directed into a 1 × 2 coupler of 5/95 split ratio into the reference and sample arms, respectively. The reference arm consists of a collimator and adjustable delay retro-reflector. Two circulators were used in both sample and reference arms to redirect the back-reflected light to a 2 × 2 fiber coupler (50/50 split ratio). The interference of the reference and the backscattered sample electric fields was detected by a balanced photodetector and digitized at 10 MHz. A software application was written in LabVIEW to simultaneously control the translational and rotational motion in the scan engine while digitizing the OCT signal.
In the sample arm, the scan engine (Physical Sciences, Inc) contains a fiber rotary junction and provides translational motion at 2-20 mm/s and full 360° rotational scans at 10-30 Hz. This is used to drive the 168 cm long fiber catheter proximally in a helical scan pattern; this fiber length provides sufficient excess length after insertion into the 54 cm long endoscope channel for the clinician to position and manipulate the instrument. The fiber-optic catheter consists of a ball lens tip and an internally reflective polished flat surface at an angle (top right panel of Fig. 1 ), providing a sideways-directed beam with a focal length of typically 2-3.5 mm. In the current design, the physical limitation of producing a long focal length is given by the aperture size and ball lens diameter, which dictates a tradeoff between small catheter diameter and long focal length. Longer focal lengths may also be accessible by modifying the design to include a segment of fused GRIN fiber as a focusing element instead of the ball lens. With the current ball lens design, however, we found that a sufficiently long confocal range (results in the following section) is provided by a ball lens diameter of 300-350 μm, which allows for enough additional room for placement into a protective tube that is sufficiently small for insertion into a small-bore pediatric, flexible endoscope (Karl Storz, Germany).
Imaging protocols and segmentation
All data presented here were obtained by fiber scanning with translational and rotational rates of 2.5 mm/s and 10 Hz, respectively. During scanning, the fiber probe is typically extended 2−3 cm beyond the endoscope tip and translated in a pull-back mode. Once collected, the OCT data is digitally compensated for dispersion arising from the interferometer and k-space nonlinearity of the light source wavelength sweep. While there are existing methods for kclocking to reduce the latter effect [22] , the long interferometer fiber lengths used in endoscopic OCT can often be difficult to precisely length-match, in which case the interferometer dispersion mismatch can also require compensation. Here we employ digital dispersion compensation in lieu of k-clocking to correct for all forms of dispersion simultaneously. Our method was previously described in [23] ; briefly, our approach consists of an autofocus algorithm based on an entropy minimization method originally developed for time-domain OCT [24] , and extended to swept-source OCT.
To quantify the cross-sectional area (CSA) from aOCT scans, the inner surface of the object was segmented by a custom algorithm comprised of the following steps: 1) The differential pixel intensity was computed along each A-line and compared against that for a reference image, 2) pixels with differential SNR > 5 were thresholded, 3) non-adjacent pixels and pixels below already thresholded pixels were rejected, and 4) cubic spline interpolation and 5-point smoothing were applied. The segmented surfaces were then converted from pixel number to radial distance from the probe tip using a calibration curve; the calibration curve was established by linear least-squares fitting of the aOCT-derived position of a diffusely reflecting surface mounted on a micrometer stage while the catheter was stationary. Finally, the segmented radial distances of the object surface, R i , for each 360° rotation were numerically integrated to compute the CSA according to:
, where n is the number of A-lines per rotation.
Samples employed for imaging
In order to measure the transverse point-spread function of the system, we prepared a silicone test sample containing a sparse distribution of aluminum particles passed through a sieve so as to be less than 100 μm in size (sufficiently small so that they could be approximated as point-like in the transverse dimension). The results of imaging this sample are presented in 3.1 below. In order to assess scanning accuracy, we obtained cylindrical, opaque plastic tubes (McMaster-Carr, Inc.) with diameters varying from 12.2 -25.4 mm. The results of imaging the tubes are presented in 3.2 below.
To simulate pediatric airway imaging, an airway surface geometry was segmented from computed tomography (CT) data of a 10 year old boy with a radiologically normal airway. The segmentation was converted into a stereolithography format for 3D printing in an optically turbid composite material (SLArmor TM , Fineline Prototyping, Inc.) Imaging of the phantom is reported in section 3.3 below.
To determine the ability for this aOCT system to image real airway tissues, we obtained a freshly frozen, ex vivo swine airway. The upper tracheal region of the swine airway was thawed and placed in a 1X saline solution prior to performing scans. First, aOCT scans were collected via the endoscope; then a CT scan (GE eXplore CT120, Biomedical Research Imaging Center, UNC) of the same region was obtained. The results of imaging the airway are reported in section 3.4 below.
Results and discussion
aOCT performance
The axial resolution of the aOCT system depends on the characteristics of the light source (center wavelength and sweep range) and has a theoretical value of 25.1 μm. Figure 2(A) depicts the axial point-spread function before and after dispersion compensation, with a nearly transform-limited axial resolution of 25.7 μm achieved after compensation.
The challenge in aOCT system design is to obtain an increased depth range over that of traditional endoscopic OCT systems, in order to enable imaging of the airway lumen. Fundamentally, the SSaOCT signal-to-noise ratio (SNR) rolls off as function of depth due to the effects of limited confocal range, limited coherence length, and the dispersion effects discussed above. We estimated the true, operational SNR by measuring the peak aOCT signal amplitude S(z) from an aligned mirror for depths z = 2.5-14.5 mm. To prevent saturation of the photodetector the sample beam was attenuated, while the attenuated power was recorded as P(z) and the un-attenuated power that was back-reflected from the mirror was recorded as P 0 (z). To account for any additional shot noise that would exist in an un-attenuated image during normal operation, the noise, N(z), was computed as the standard deviation at depth z from an image with no sample but when the sample beam was un-attenuated. Thus, the operational SNR in the absence of attenuation is estimated by the following relation:
The results of our SNR measurements for no compensation (Fig. 2(B) ) indicate a total roll-off of 21 dB at a depth of z = 14.5 mm from the maximum value of 90.2 dB. Shown in the same plot, the digitally compensated results exhibited a reduced roll-off of 15 dB at the same depth of z = 14.5 mm. As discussed in our previous publication [23] , this remaining rolloff can be attributed to a combination of the finite coherence length of the light source (17.5 mm) and by the beam divergence displayed in Fig. 2(C) . By imaging the test sample containing a sparse distribution of particles, we measured the beam width as a function of the distance away from the catheter tip, which ranged from 89 μm at the focus, to 384 μm at a distance of 12 mm (Fig. 2(C) ). This increase is consistent with the expected Gaussian beam divergence as it propagates from the focus. The Gaussian-like profile of a representative particle is depicted in Fig. 2(D) , representing the transverse pointspread function of the system at that axial position. Importantly, future work on extending the focal length is expected to improve the SNR roll-off, but will cause a concomitant tradeoff in the transverse resolution. While further study is needed, we note that quantitative measures of the cross-sectional airway profile are significantly less sensitive to transverse resolution compared to axial resolution. Thus, our pancake-like coherence volumes (25.7 μm axial × 100-400 μm transverse) may still provide large improvements over airway geometries obtained in CT and MRI. 
Scanning accuracy
The ability to accurately measure airway luminal geometry is crucial for informing predictive models such as those based on computational fluid dynamics, which can be highly sensitive to small differences [11] . Here we chose to quantify CSA because it is the primary factor affecting airflow resistance. Results of aOCT imaging of the cylindrical tubes are displayed in Fig. 3 . Three independent helical scans, 17 rotations each, were obtained for each tube while the fiber catheter was operated through the 1.2 mm endoscope channel. The aOCT-derived CSA for each rotation were then compared against the true CSA determined by caliper measurements of the inner tube diameters, as shown in Fig. 3 . We estimated the theoretical accuracy by assuming that the standard deviation of the radius, σ R , is equivalent to the axial resolution of the aOCT system. Thus by propagation, the error in the CSA becomes: σ CSA = 2πRσ R . The region bounded by this anticipated error is displayed in grey in the bottom panel of Fig. 3 . Overall, we found that the accuracy of aOCT for measuring CSA had a mean value of −1.4 ± 1.0% (all values are given as ± 1 standard deviation), while the slice-to-slice precision (repeatability) was < ± 0.3%. The data in Fig. 3 indicates that there may be some systematic error for CSA > 150 mm 2 that causes aOCT to predict a lower CSA with error 2-3 × larger than would be expected by random chance. We also determined that vibration of the probe tip, to the extent that it exists, was negligible when comparing the aOCT data to the ideal tube shape. Putting these values into context, subglottic airway stenosis in infants is defined by an airway diameter < 3-4 mm depending on the developmental stage [2] , which corresponds to CSA on the order of 10 mm 2 . The accuracy obtained here is already significantly improved from what would be expected for a CT scan (e.g., with a resolution of 500 μm one would expect, at a CSA of 300 mm 2 , an accuracy of 10%). Also, these results are comparable to a previous time-domain aOCT study where the mean difference in the CSA of tubes was measured to be −0.3 ± 1.75% [25] , while noting that the rotation rate in this study is 4 × faster.
Airway phantom imaging
To test the feasibility of scanning pediatric airways, we fabricated an upper airway phantom as described in 2.3 above. Figure 4 shows the airway geometry used for the phantom as visualized utilizing Mimics (Materialise, Ann Arbor, MI). The phantom was 3D printed into several interlocking segments. Segments A and B (Fig. 4) were imaged by aOCT and represent the parts of the neck anterior to the vertebral column, and include the pharynx, larynx, and the upper trachea. It is important to note that the collected 2D aOCT data (A-lines versus time) were resampled into the 3D Cartesian object space using a nearest-neighbor algorithm. Also, correction for the slightly forward-directed angle of the beam (6.6° from true perpendicular) was performed during the resampling.
Cross-sectional aOCT scans of segment A of the phantom are shown in Fig. 5 . For comparison, corresponding luminal surfaces obtained directly from the phantom stereolithography (STL) data are also shown. Working downward from the top of the velopharynx, aOCT reveals a gradually increasing CSA with a widened shape as the opening to the oral cavity is reached. Near the bottom of the scan at the laryngeal inlet, the tissue of the epiglottis appears at the anterior surface, and partially obstructs the line-of-sight of the light beam to portions of the anterior luminal surface. This highlights one drawback of aOCT in that folds cause shadowing and line-of-sight issues that result in underestimation of the CSA; this may be partially mitigated by the fact that the same line of sight issues exist with the current clinical "gold" standard endoscopy and that these obscured regions do not exhibit as much airflow. Overall, aOCT provides excellent visualization of the upper airway anatomy. In future work, adding an electromagnetic position sensor to the aOCT fiber tip will enable tracking of the location and rotation axis of the beam, allowing for precise alignment of aOCT images with the known phantom geometry. aOCT helical scans were also collected of segment B of the airway phantom which includes the larynx from the aditus down to the upper portion of the trachea. Resampled 3D data was imported into ImageSurfer (developed by the Center for Computer-Integrated Systems for Microscopy and Manipulation, UNC) to visualize the 3D geometry at different viewing angles in Fig. 6(a)-6(c) . In comparison to Fig. 4 , we observe the same overall anatomical features, especially the esophageal opening posteriorly, and the overall curvature in the upper airway. 
Ex vivo swine airways
Swine have increasingly been utilized as biomedical research models due to their comparatively similar anatomy and physiology to those of humans; they can also be readily obtained in a size which approximates a human child. For these reasons, swine are also used as general surgical models of many organs and systems. For validation we compared the aOCT results of imaging the ex vivo swine airway to a high-resolution CT scan on the same tissue (Fig. 7) . While the CT data was reconstructed into a 50 μm isotropic voxel, the aOCT data was reconstructed into a 25 μm isotropic voxel in order to adequately sample the axial resolution.
First, we determined the CSA for each slice within an 8 mm scan range co-registered between aOCT and CT. The aOCT CSA was computed via automated segmentation as above, while the CT CSA was computed by simple thresholding and boundary sizing. The average aOCT CSA over the scan was 266 ± 4 mm 2 , in comparison to 247 ± 8 mm 2 for CT. When comparing co-registered slices, there was a mean difference (CSA of CT minus that of aOCT) of −7.8 ± 2.8%, or 19.2 ± 6.3 mm 2 in units of area. In comparison, a previous study of in vivo human airways demonstrated a mean CSA difference of −15.1 ± 16.3% between CT and aOCT [25] , while another reported a mean CSA difference in area units of 14.1 ± 25.4 mm 2 [10] . We also note that these previous studies employed manual segmentation, which may slightly impact the measured CSA due to intra-observer variability, which was estimated to be 0.5 ± 1.5% [25] .
For qualitative comparison, ImageSurfer was used to threshold and visualize the airway luminal surfaces obtained by aOCT and CT at different viewing angles (Fig. 7) . Overall, the area and shape of the airway is consistent between the modalities, while bearing in mind that the aOCT scan required <10s, compared to >1 hour for the CT scan. While CT is a current standard for quantifying airway luminal geometry, aOCT can potentially provide a scenario with less risk due to the dramatically shorter imaging time and eliminating the use of ionizing radiation. 
Conclusion
In summary, we have investigated an aOCT system designed for use with a standard flexible pediatric endoscope in order to provide a platform with which clinicians are already familiar, and which also offers concomitant video imaging and haptic feedback via the scope tip. We have shown that the aOCT system provides accurate CSA measurements in tubes, and that airway luminal imaging in phantoms and ex vivo tissues is consistent with the known geometries. Furthermore, improved accuracy in 3D reconstructions may be obtained in future work by position tracking of the fiber tip; in particular, previously reported magnetic tracking methods for freehand imaging [26, 27] may be appropriate to account for the arbitrary curvature of the fiber tip during a pullback scan in the airways.
While the speed of this aOCT system is sufficient to produce a pullback scan within <10s, the translation to in vivo studies requires the ability to track dynamic respiratory motion and therefore may necessitate further increase to the sweep rate of the long-coherence length light source. This may be enabled by employing one of the VCSEL-based wavelength-swept light sources that have been recently reported [28] [29] [30] . For clinical translation, it will also be important to offer real-time display of the 2D luminal cross-section and 3D airway anatomy, which can be accomplished using accelerated computing via graphics processing units (GPUs) [31] .
Importantly, the high accuracy of the upper airway luminal geometries obtained by aOCT can inform more accurate models for computational fluid dynamics (CFD) of airflow. As previously seen in aOCT-based studies of obstructive sleep apnea [11] , aOCT can provide unprecedented dynamic airway imaging that, in conjunction with CFD, gives new insight into obstructive breathing disorders. These high resolution aOCT-derived geometries can also lead to methods for predictive modeling of airway disorders which can aid in medical and surgical decision-making. Also, this aOCT system design will allow clinicians to collect images whenever airway endoscopy would normally be performed, which is the current standard used for diagnosis of airway obstruction.
